The prediction of radar target echo signal in a large-scale complex environment is of great significance in target detection, radar design and other applications. In this paper, a novel PE/FDTD hybrid model is proposed to predict monostatic radar target echo signals in large-scale complex environments. The target echo signal can be regarded as the output response of the transmitted signal which passes through a linear time invariant system composed of complex environment and target. The transport function of the complex environment is computed by the parabolic equation (PE) method and the scattering characteristics of the target are calculated by finite difference time domain method (FDTD). The combination of PE and FDTD is realized through the system response function. In combination with the ''stop-go'' method, the prediction of moving target echo signal is realized. In addition, the error of combining PE with FDTD is analyzed, and the result shows that the error is less than 0.1% when the target distance is more than 10km. Additional numerical examples are given to demonstrate the correctness of the method in semi-space, rain, fog and atmospheric duct environments. The calculated results are compared with those of theoretical method, time-domain shooting and bouncing ray (TDSBR), multi-level fast multi-pole method (MLFMM) and waveguide mode theory, and good agreement among them is observed. Finally, the simulation analysis of the missile echo signal in the mixed sea-land environment with surface duct is carried out. The simulation results show that this model can be used to predict the echo signal of airborne targets in a large-scale complex environment. It is a promising option for multi-scale computing involving radar target and large-scale environment.
I. INTRODUCTION
Radar target echo signal prediction is widely used in ocean detection [1] , target recognition [2] , SAR imaging [3] , long-range radar surveillance [4] , missile fuze [5] and other fields. In order to obtain accurate radar target echo signal, many kinds of researches on echo measurement and model have been carried out [6] , [7] . Point target echo model based on the radar equation is the most simple and intuitive model. The associate editor coordinating the review of this manuscript and approving it for publication was Franco Fuschini . This model ignores shape characteristics of the target, only considers the backscatter loss of the target, so it is only suitable for narrow-band radar simulation [8] . For wide-band radar application, the extended target echo model is widely used such as SAR, ISAR imaging and moving target echo signal prediction [9] . Assuming that the target is composed of a large number of discrete scattering centers, that model calculates the scattering echo of each scattering center separately and finally makes coherent superposition for final results. However, because of the simplified calculation of the scattering characteristics of the target, it is difficult to show high-precision echo characteristics of the target with high accuracy. To obtain more precise echo signal, in [10] , a spectral characteristic model of naval chaff is introduced in the calculation of chaff echo signal, which considers the characteristics of Swerling distribution and Doppler spectrum of a chaff cloud. In [11] , the electromagnetic scattering frequency response of ballistic missile target is calculated for the first time by simulation software CST, and is introduced into ballistic missile echo model. In [12] , presents an efficient time-domain shooting and bouncing ray (TDSBR) method to analyze the transient scattering responses from large PEC objects. In addition, high frequency approximation methods such as physical optics (PO) and Kirchhoff approximation (KA) are introduced to calculate the scattering characteristics of the sea surface and rough ground [13] . However, most of the above mentioned methods are based on the line-of-sight propagation in free space environment, so it is difficult to simultaneously consider the propagation attenuation effect, over-the-horizon propagation and multi-path effect caused by complex environmental factors such as rain, fog, atmospheric duct and irregular terrain. Generally, these complex environmental factors cannot be ignored in many cases, as shown in Fig. 1 . In addition, MoM, FDTD, FEM and other full wave algorithms are widely used in the calculation of scattering characteristics of targets due to their high accuracy. But for the echo prediction in the large-scale scene of tens or even hundreds of kilometers, it is difficult to calculate because of the huge amount of calculation. Therefore, it is necessary to develop a target echo model suitable for large-scale complex environment.
In fact, the prediction of radar target echo signal can be divided into two parts: the propagation of radar signal and the scattering of target. The complex environment mainly acts on the propagation process of signal. Parabolic equation (PE) method is one of the most popular methods to solve the problem of radio wave propagation in complex tropospheric environment [14] . Parabolic equation is derived from the wave equation approximately. Since it was proposed by Leontovich [15] in electromagnetism, it has received a lot of attention. In [16] , The SSFT-PE model is obtained by combining PE with the split-step Fourier transform (SSFT) algorithm, which has high computational efficiency and excellent numerical stability. Moreover, It can take into account the attenuation effect, over-the-horizon propagation and multi-path effect caused by the complex environmental factors such as rain, fog, atmospheric duct and irregular terrain [17] . In [18] , time domain parabolic equation (TDPE) method is proposed based on SSFT-PE, which is the most effective signal prediction method in large-scale complex environment. Therefore, the echo model of target in complex environment can be built based on SSFT-PE method.
Although SSFT-PE algorithm has huge advantages in efficiency compared with FDTD, MoM and other full wave algorithms in solving the problem of radio wave propagation in complex environment, it is a challenge to calculate the scattering characteristics of the target accurately due to the limitations of the algorithm itself [19] .
Therefore, it is necessary to introduce full wave methods such as FDTD, MoM and FEM to calculate the scattering characteristics of the target. Among those methods, as a time-domain full-wave numerical method, FDTD can accurately simulate the propagation and scattering of electromagnetic waves. It also has the advantages of simple operation method and can deal with the object with a complex and fine structure [20] . Furthermore, in [21] , the hybrid method of FDTD and PE algorithm has been proposed to solve the problem of radio wave propagation in key areas of large-scale environment. This provides a reference for selecting PE and FDTD to construct a target echo hybrid algorithm. This paper presents a novel PE/FDTD hybrid model for predicting monostatic radar target echo signals in a large-scale complex environment. FDTD is used for accurate calculation of target scattering characteristics, and PE is used for considering complex environment factors such as irregular topography, atmospheric duct, fog and rain. In addition, combined with ''stop-go'' model, the prediction of echo signal of moving target is realized. The structure of this paper is as follows. The proposal and derivation of PE/FDTD hybrid model and error analysis are completed in section II. The effectiveness of PE/FDTD hybrid model in complex environment is verified by several numerical examples in section III. PE/FDTD hybrid model is used to simulate and analyze the echo signal of missile target in the mixed sea-land environment in section IV. Finally, the conclusion is given in section V.
II. METHODS AND FORMULATIONS
Generally, the radar target echo signal can be regarded as the output response of transmitting signal which passes through a linear time-invariant system composed of a complex environment and the target. The PE/FDTD hybrid model proposed in this paper firstly calculates the transfer function of the system and then convolved with the transmitting signal to obtain the target echo signal. As shown in the Fig. 2 , the system transfer function can be divided into two parts: complex environment transfer function L(f ) and target far-field characteristic function H Far (f ). L(f ) represents the propagation characteristics of radar signals in a complex environment, which is calculated by PE. H Far (f ) represents the scattering characteristics VOLUME 8, 2020 of the target and is calculated by FDTD method. In addition, combined with ''stop-go'' model, the echo of moving target can also be simulated.
A. PARABOLIC EQUATION METHOD
Parabolic equation is derived from Helmholtz equation by paraxial approximation. Assuming that the time harmonic factor is e jwt and the energy of the main axis propagates along the x-axis, the forward three-dimensional parabolic equation in the rectangular coordinate system can be expressed as
where k 0 is the wavenumber in free space, n is the refractive index of the propagation medium.
Combining SSFT algorithm to solve (1), the SSFT solution of PE can be expressed as [22] u(x + x, y, z)
The operators −1 , represent the inverse fast Fourier transform (IFFT) and the fast Fourier transform (FFT) respectively, x is the range step along the propagation direction, and the symbol * represents conjugation. The index term e −jk 0 x(n−2) reflects the influence of different media on the radio wave propagation, and the index term e −j k 2 0 −k 2 y −k 2 z * x reflects the diffraction effect of obstacles on the radio wave propagation path. After the initial field is provided, the field value of the whole calculation area can be calculated step-by-step by (2) . In this paper, the parabolic equation model refers to the literature [23] for the treatment of rain and fog environment, the literature [24] for the treatment of terrain, and the literature [25] for the treatment of atmospheric duct environment.
B. FDTD SCHEME
In the FDTD scheme, the computing region is evenly divided by a grid size of λ/20, where λ is the wavelength corresponding to the center frequency of transmitted signal. The target is illuminated by a plane wave with normalized amplitude. The incident direction and signal waveform are determined by the actual incident direction and waveform of radar signal. Firstly, FDTD method is used to calculate the scattering signal on the closed surface S as shown in figure 3 . Then, the frequency domain field values E tar (f ) and H tar (f ) on the surface of S are obtained by time-frequency transformation of the scattered signal. Finally, the target far-field characteristic function H Far (f ) is calculated based on E tar (f ) and H tar (f ). The FDTD algorithm used is based on literature [26] .
C. TARGET FAR-FIELD CHARACTERISTIC FUNCTION
In the previous section, the scattering field E tar (f ) and H tar (f ) on S surface has been calculated by FDTD scheme. In this part, the calculation method of target far-field characteristic function based on E tar (f ) and H tar (f ) will be derived. As shown in Fig. 2 , according to the signal system transmission theory, the echo signal spectrum can be expressed as
where E i (f , R) is the spectrum function of the transmitting signal, R is the distance between the transmitting antenna and the target, H (f ) is the frequency characteristic function of the target and L(f ) is the transfer function of the environment. Generally, the receiving position of the echo signal is in the far field region of the target scattering field. The far-field characteristic function of the target can be defined as
For free space, the transfer function L(f ) of the environment can be expressed as
is the spectrum function of radar transmitting signal, which can be expressed as
where E i (f , 0) is the spectrum function of the incident signal in FDTD scheme. By substituting (5) and (6) into (4), (4) can be expressed as
Since R → ∞, E r (f , R) is the far region scattering field of the target, which can be obtained by integrating the surface current on the closed surface S as shown in Fig. 3 .
When
where , ⊥ represent parallel polarization and vertical polarization respectively, Z = √ µ/ε is wave impedance, f , f m is the spherical wave factor, which can be expressed as
where r is the position vector of the source point, S is the closed surface surrounding the target, and e n is the normal unit vector of S surface. θ, φ represent the elevation angle and azimuth angle of the target scattered wave, respectively. E tar (f ), H tar (f ) are the scattering electric field and magnetic field of the target on the S surface, which are calculated by FDTD. Please refer to the appendix for a detailed derivation of (10) and (11) . By substituting (8) and (9) into (7), the target characteristic function can be obtained.
In this paper, we mainly focus on Monostatic radar targets,
To sum up, the scattering field value E tar (f )and H tar (f ) on the closed surface S is calculated by FDTD, and then the characteristic function of the target is calculated by equation (10)- (13) . Fig. 4 is a calculation sketch map of scattering signal of ideal conductor sphere in free space, with the radius a = 1m. The metal sphere is illuminated by a normalized amplitude plane wave with the incident direction of -x axis. The transmitting signal is cosine-modulated gaussian signal with center frequency freq 0 = 300MHz and pulse width τ = 10ns. Fig. 5 shows the amplitude and phase of the characteristic function of an ideal conducting sphere vary with the wavelength size of the radius a/λ. The solid line is the calculation result of the simulation software based on finite integration technique(FIT), and the dotted line is the calculation result of the method proposed in this paper. It can be seen from the figure that the two results are in good agreement, and the amplitude presents periodic oscillation with the increase of the a/λ. Fig. 6 is the scattering waveform at 150, 200 and 300 meters away from the ideal conducting sphere calculated by the characteristic function and the simulation software respectively. It can be seen from the figure that the two results agree well, which proves the effectiveness of the characteristic function to simulate the scattering characteristics of the target.
D. PE/FDTD ECHO PREDICTION MODEL
As shown in Fig. 2 , the radar target echo signal can be regarded as the output response of linear time-invariant system, which can be expressed as
where y(t) is the target echo signal, x(t) is the transmission signal and the symbol * represents convolution. h(t) is the system response function, which can be expressed as
where H Far (f ) is the target far-field characteristic function and L(f ) is the transfer function of complex environment.
In a large-scale and complex environment, L(f ) can be calculated by PE method. It can be expressed as
u(R tar ) represents the field value calculated by PE method stepping to the target position and E i (R, f ) = {x(t)} is the spectrum function of the transmitted signal. Generally, for the convenience of calculation, when calcu-
. By substituting it with (16) into (14), the target echo signal can be expressed as follows
To sum up, using PE/FDTD model to calculate the echo of the target can be divided into the following steps: 1) First, the target scattering field is calculated by FDTD, and then the target far-field characteristic function H Far (f ) is calculated by equation (10)- (13) . 2) Second, the step-by-step iterative calculation of the field in the calculation region is carried out by formula (2) . Calculate the field value u(R tar ) at the target location. 3) Finally, the target echo signal is calculated by equation (17).
E. MOVING TARGET ECHO PREDICTION MODEL
The PE/FDTD echo model for static targets has been derived in the previous section. In order to apply it to moving objects, the PE/FDTD moving targets echo model is derived in this section based on the ''stop-go'' method [27] . The ''stop-go'' method assumes that when calculating the single pulse echo of an aircraft, it is static. After sending and receiving a pulse, the aircraft moves to the next position, and then calculates the next pulse echo. R tar (t) is the target motion track.
Assuming that the interval between pulses is T , a total of M pulses are emitted. Then the echo signal y m (t) can be expressed as
substituting (17)into (18),
where R tar (nT ) represents the position of the target when the nth pulse is transmitted. It is worth noting that as the target moves, θ, φ also change. However, when the target is far away, its change is small and can be ignored. So (19) can be expressed as
The error of PE/FDTD hybrid model mainly comes from the combination of PE and FDTD except the inherent error of PE method and FDTD method. The combination of PE and FDTD is realized through the far-field characteristic function H Far (f ). In the calculation of H Far (f ), the far-region approximation of equation (21) is adopted, which is the main source of error.
As shown in Fig. 3 , r is the position vector of the source point, and e r is the radial unit vector. The error generated by it can be expressed as r = | r − r | − r − r · e r = | r × e r | 2 + (r − r · e r ) 2 − (r − r · e r ) (22) As shown in the figure, the error of its maximum error point r max is
where
The error of integration path will affect the amplitude and phase of echo. The amplitude is inversely proportional to r, and its relative error can be expressed as
The phase error is reflected in waveform delay, and the ratio of time delay to pulse width can be used to measure its influence on waveform to a certain extent. It can be expressed as
where τ is the pulse width of the transmitted signal, c 0 is the speed of light in a vacuum. Fig. 7 and Fig. 8 show the variation curves of amplitude and phase relative errors with distance range for the pulse width τ = 10ns, respectively. As can be seen from the figure, the error decreases sharply with the increase of distance and increases with the increase of R a . When the distance exceeds 10km and R a <5m, the error is less than 0.1%. Therefore, this model is very suitable for the prediction of radar target echo in the large-scale complex environment of tens or even hundreds of kilometers.
III. NUMERICAL EXPERIMENTS AND DISCUSSION
In this section, several numerical experiments are conducted to verify the effectiveness of PE/FDTD hybrid model in predicting radar target echo signals in complex environments.
The first example is to demonstrate the effectiveness of the PE/FDTD model in calculating the target echo signal in halfspace. The ground material is PEC. The transmitted signal is cosine modulated Gaussian pulse with center frequency freq 0 = 1GHz and pulse width τ = 10ns. Antenna height h r = 50m, beam width α = 20 • . Target height h t = 50m. The specific scene is shown in figure 9 . Fig. 10 presents the echo signal of the point target calculated by PE/FDTD model and theoretical method, at the target distance X = 1km, 2km and 3km, respectively. There are three pulse signals in the figure, which are obtained by direct path, reflection path and a mixture of the two. In addition, as the distance X increases, the reflection angle of the ground increases, and the interval of the three pulses signals shrinks continuously, eventually leading to the distortion of the signals due to the superposition of each other. The calculated results of the two methods are consistent, which proves the validity of PE/FDTD model in simulating the multi-path effect of target echo in the half-space environment.
At the same time, the echo signal of the ideal conductor ball target under the same scene is calculated by Ray/FDTD, TDSBR and PE/FDTD respectively. The radius of the sphere a = 1m, and the calculated result is shown in Fig. 11 . Compared with Fig. 10 , the calculated results not only include the multi-path information generated by ground reflection, but also include the scattering characteristics of the metal ball target. The calculation results of PE/FDTD, Ray/FDTD and TDSBR are in good agreement. However, it is worth noting that the TDSBR method ignores the diffraction effect and therefore ignores the component generated by the creeping wave in the echo, which is also the reason for the inconsistency in the enlarged part of the picture. The second example is to verify the validity of PE/FDTD echo model in complex meteorological environment. In this example, the target is a scaled down missile with a maximum length of 14cm, a radius of 0.7cm and a scale of 1:10, as shown in Fig. 12 . The missile is oriented towards the transmitting antenna, and the distance is R = 1km, 10km. The transmitting signal is a gaussian modulated pulse with central frequency freq 0 = 10GHz and pulse width τ = 0.7ns. The beam of the transmitting antenna is a gaussian beam of width α = 2 • . The PE/FDTD model is used to calculate the echo signals of targets in sunny, foggy and rainy environments, and the results are compared with those of Multi-Level Fast Multi-pole Method (MLFMM). PE/FDTD model deals with complex meteorological environment through the rain and fog model of the parabolic equation method, while the calculated results of MLFMM are dealt with through the rain and fog model of ITUR [28] . Ambient temperature t = 15 • C, atmospheric pressure p = 1013mb, fog visibility is 100m, rainfall intensity is 50mm/h. Fig. 13 shows the echo signal of a missile target in a complex meteorological environment, with the target distance R = 1km. From the top to the bottom the three plots are the results under sunny, foggy and rainy conditions, respectively. As can be seen from the figure, the environment of rainfall and fog not only attenuates the echo signal, but also increases the signal delay. The calculated results of PE/FDTD model are in good agreement with those of MLFMM. Fig. 14 is the echo signal under complex meteorological environment, with target distance R=10km. Compared with Fig. 13 , the attenuation and delay of echo signal increase with the increase of distance. Especially in the rainfall environment, due to the dispersion of the rain medium, the signal waveform has obvious distortion. Of course, the calculation results of PE/FDTD model and MLFMM are basically consistent, which proves the effectiveness of PE/FDTD echo model in complex meteorological environment.
The third example is to demonstrate the effectiveness of the PE/FDTD model in the atmospheric duct environment. In some simple atmospheric duct scenarios (such as refractive index n = 1-1.2ze −6 ), when the target is a point target (i.e. H Far (f ) = 1), the target echo signal has a theoretical solution through the waveguide mode theory [29] . The transmitted signal is a cosine modulated gaussian signal with center frequency freq 0 = 1GHz and pulse duration τ = 10ns. The vertically polarized transmitting antenna is located at the height of h r = 100m and a gaussian beam with a beam width of 1 • . Fig. 15 shows the radiation field distribution of the transmitting antenna corresponding to the center frequency calculated by PE and waveguide modes theory. As can be seen from the figure, the transmitting signal energy is all bound in the duct and propagates along the direction of the waveguide. The results of the two methods are in good agreement. Fig. 16 shows the received target echo signal in the atmospheric duct environment, target distance X = 100km, height h t = 90m, 100m, 110m, respectively. It can be seen from the figure that there is an obvious multi-path component in the duct, and the echo signal has serious multi-path aliasing. Due to different aliasing paths, the distortion of echo signals at different target heights is obviously different. Fig. 17 shows the received target echo signal in the atmospheric duct environment, target distance X = 200km, height h t = 90m, 100m, 110m, respectively. Compared with figure 16 , the amplitude of echo signal is somewhat reduced because of the increase of target distance, and the multi-path aliasing of signal is more obvious. According to Fig. 16 and Fig. 17 , the calculation results of the two methods are consistent, which verifies the effectiveness of PE/FDTD hybrid model in predicting target echo in atmospheric duct environment. The fourth example is to verify the validity of the moving target echo model. As shown in Fig. 18 , the echo signal of the moving target in the air is simulated. The object is an ideal conducting sphere of radius a = 1m, located at X = -30Km, h t = 5300m, and velocity v = 300m/s along the x-axis. Transmitting antenna height h r = 10m, elevation θ = 20 • , beam width α = 1 • . The transmitted signal is cosine modulated gaussian signal with central frequency freq 0 = 1GHz, pulse duration τ = 10ns, and pulse repetition frequency PRI=4KHz, Pulse number M = 30. A single pulse signal only reflects the scattering characteristics of the target, while the motion characteristics of the target are reflected in the pulse-sequence signal. Fig. 20 is obtained by processing the pulse-sequence with the moving target detection (MTD) filter. In the Fig. 20(a) , the target converges to a point. The X-axis represents the velocity, which is converted by the doppler shift, and the Y-axis represents the displacement, which subtracted a constant L 0 = 31760 m for ease of display. Fig. 20(b) and (c) are (X-Z, Y-Z) side views of Fig. 20(a) respectively, from which it can be estimated that the radial velocity of the target is V r = 280m/s and the radial distance L = 164.2 m. The actual radial velocity of the target is V r = 281.9m/s, and the radial distance Lr=31925m, L = L r -L 0 = 165 m. It can be seen that the estimated value is basically consistent with the actual value, which verifies the validity of the moving target model.
IV. PREDICTION OF TARGET ECHO SIGNAL IN COMPLEX ENVIRONMENT
In this section, the PE/FDTD hybrid model is used to predict and analyze the missile echo signal in the mixed sea-land environment with surface duct. The calculation scenario is modeled by electronic map, as shown in Fig. 21 . The radar is located at point A, the transmitting antenna with vertical polarization is located at height h r = 100m, and the antenna lobe width α = 1 • . At point B, 400km from the transmitting antenna, there is a missile flying towards the radar. The missile has a length of 1.4m and a radius of 0.07m. Fig. 12 shows its reduced size by a factor of ten. The emission signal is a gaussian modulated signal with central frequency freq 0 = 1GHz and pulse width τ = 4ns. There are surface duct on the sea surface, whose height h d = 200m, and whose strength M = 30 unit. Fig. 22 shows the distribution of radar radiation energy in different atmospheric environments. Fig. 22(a) is the result of the standard atmospheric environment. It can be seen from the figure that, after the propagation distance exceeds 100km, the radar radiation energy drops sharply due to the influence of the curvature of the earth, while in Fig. 22(b) , due to the effect of the duct, the radiation energy is trapped in the duct and continues to propagate along the ground, thus realizing the over-the-horizon detection. Fig. 23 shows the echo signals of the missile at X = 100km and h t = 100m in different environments. Fig. 23(a) shows the calculation results in free space without considering terrain, while Fig. 23(b) shows the calculation results in standard atmospheric environment with terrain taken into account. Compared with Fig. 23(a) , the time delay of echo signal increases and the amplitude decreases, which is due to the influence of earth curvature. Fig. 23(c) is the calculation result under the surface duct environment. Compared with Figs.23(a) and (b), the echo signal amplitude increases and the waveform is partially distorted, because the binding of the duct weakens the energy loss and results in the multi-path superposition of the signal. Fig. 24 shows the echo signals of the missile in the surface waveguide environment at different altitudes of x=200km, and the calculation scenario is shown in Fig. 21 . As can be seen from the figure, the amplitude and delay of the echo signals at three different heights are not significantly different, but the waveforms are quite different, which is caused by the complex multi-path effect in the duct. Fig. 25 shows the echo signal of the missile in the surface waveguide environment at different distances of h t = 100m. It can be seen from the figure that with the increase of distance, the time delay of echo signal increases sharply, but the amplitude does not change much. This is because after the signal forms stable transmission in the duct, the energy is no longer greatly attenuated.
V. CONCLUSION
In this paper, a novel PE/FDTD hybrid model is proposed to predict air target echo signals in large scale complex environments. The combination of PE and FDTD method is realized through the system response function, which greatly simplifies the complexity of the combination algorithm. The error of combining PE with FDTD is analyzed, and the result shows that the error is less than 0.1% when the target distance is more than 10km. The correctness of the PE/FDTD hybrid model in the complex environment such as semi-space, fog, rainfall and atmospheric duct is verified by several numerical examples. The calculated results are compared with those of the theoretical method, TDSBR, MLFMM and the waveguide mode theory respectively, and the results are in good agreement. In addition, combined with the ''stop-go'' method, the moving target echo model suitable for the prediction of moving target echo signal is deduced. The model is used to predict the echo signal of the moving metal ball, and the velocity and position information obtained by parameter estimation of the echo signal are basically consistent with the theoretical value, which verifies the validity of the model.
Finally, the PE/FDTD hybrid model is used to predict and analyze the missile target echo signal in the mixed sea-land environment with a scale of more than 200km. The simulation results show that the model has the ability to predict the airborne targets echo signal in the large-scale complex environment of hundreds of kilometers, and it is a promising option for multi-scale computing involving target and large-scale environment. It is worth noting that the composite scattering between the target and the ground is calculated by PE, which is a kind of paraxial propagation algorithm, and some errors will be introduced to the scattering field in a large angle range. Therefore, PE/FDTD model is more suitable for air target with weak-coupling with ground. A further research work is to apply the model to the echo prediction of ground targets.
APPENDIX
In homogeneous medium, the radiation electric field can be expressed as
where A(r) and F(r) are respectively electric vector potential functions and magnetic vector potential functions, which can be expressed as
where G(r, r ) is the three-dimensional Green function in free space. When the observation point is in the far field, it can be approximately expressed as 
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